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Introduction {#sec001}
============

The two-stage hepatectomy is a surgical strategy for patients with unresectable liver metastases or primary malignancies. The aim of these techniques is to remove all metastases in the FLR (which has insufficient volume to maintain the liver functionality) and induce its hypertrophy \[[@pone.0144096.ref001]\]. Thus, the success of the second procedure depends on the size and function of the FLR \[[@pone.0144096.ref002]\]. For a normal hepatic function, a FLR of 25% is usually considered sufficient to maintain hepatic homeostasis after the resection, but this percentage can be increased up to 40% in those patients with hepatic dysfunction or early liver injury \[[@pone.0144096.ref003]\]. Several strategies have been used for the induction of such hypertrophy for the second stage associating portal vein embolization (PVE) or ligation (PVL), but there are around 40% of cases of failure due to tumor progression during the hypertrophic stimulus (4--8 weeks) or ineffective volume after the application of these techniques \[[@pone.0144096.ref004]--[@pone.0144096.ref007]\].

The biological mechanisms of regeneration associated with these techniques seem to be different from conventional hepatectomy, and there is still controversy about which is the best technique (associating PVE or PVL) to cause such hypertrophy of the FLR \[[@pone.0144096.ref004]--[@pone.0144096.ref005], [@pone.0144096.ref008]--[@pone.0144096.ref011]\]. Associated liver partition and portal vein ligation for staged hepatectomy (ALPPS), is a surgical procedure which combines a PVL and an *in situ* transection of the remaining liver affected by metastases that has recently emerged as a real approach to cause a higher hypertrophy of the FLR in comparison with regional portal occlusion techniques, in a shorter period of time (9 days vs. 4 weeks). Thus, the ALPPS technique seems to be a good option in those scenarios where hypertrophic stimuli brought about by portal occlusion techniques are not expected to induce enough FLR in an acceptable waiting period to proceed to the second hepatectomy stage \[[@pone.0144096.ref012]--[@pone.0144096.ref014]\]. The first step of the ALPPS includes selective ligation of the tributary branches of the portal vein and transection of the affected lobe. These combined techniques seem to cause a significant increase in liver hypertrophy, although this increase might not reflect functional capacity, and the role of the procedure or the surgical trauma caused by the transection in such hypertrophy remains unclear \[[@pone.0144096.ref013]\]. Previous experimental murine models of ALPPS pointed a role of pro-inflammatory factors, like IL-6 and TNF-α in the regenerative process induced by the transection procedure \[[@pone.0144096.ref015]\], but the role of other pro-inflammatory cytokines (like IL1-β), or grown factors (like TGF-β) remains unclear. The aim of this study is to explore the morphometric, immunohistopathologic and molecular changes of the FLR and the clinical effects that the ligation of the tributaries of the portal vein simultaneously with a hepatic transection bring about in a rat surgical experimental model.

Material and Methods {#sec002}
====================

Animals and experimental design {#sec003}
-------------------------------

The experiments were performed on male Sprague-Dawley rats weighing 280--300 g. (Harlan Iberica, Barcelona, Spain). The animals were kept in an SPF environment at the animal facilities of Universidad de Murcia with food, water *ad libitum*, and light and dark cycles until the surgical procedures. The three groups comprised a selective PVL (n = 30), ALPPS (n = 30) and the sham-operated (control, n = 30). The same person performed all the surgeries. Groups of 6 animals were sacrificed at 1, 24 and 48 hours, 8 days (first stage of the ALPPS) and 11 weeks after the second stage of the ALPPS (hepatectomy of the atrophic lobes). This study was carried out in strict accordance with the recommendations stated by the European Union about protection of animals used for scientific purposes (Directive 2010/63/EU). The protocol was approved by the Committee on the Ethics of Animal Experiments of the Universidad de Murcia (Permission Number: A1320140705). Animals were managed only by specialized personnel from the same institution.

Surgical procedures {#sec004}
-------------------

Previous studies suggest that the basis of the rapid hypertrophy of the FLR associated with the ALPPS might be related to the physical interruption of the collateral irrigation between lobes caused by their *in situ* transection \[[@pone.0144096.ref013]\]. Thus, the first step taken was to study the lobar anatomic features of the rat liver which has no parenchymal bridges between lobes \[[@pone.0144096.ref016]\], to determine which one is suitable to perform the transection procedure in a similar way to its human application. As in previous studies \[[@pone.0144096.ref015]\], the medium lobe was chosen to develop the procedure because it consists of two portions: left and right portions, which are separated by a fissure \[[@pone.0144096.ref017]\]. It was observed that the selective portal occlusion of the right superior, right inferior, and right portion of medium lobes and caudate lobes ([Fig 1a](#pone.0144096.g001){ref-type="fig"}) provoked the suppression of vascular flow without leading the animals to a fatal hepatic failure. For the PVL procedure, the technique previously described was implemented \[[@pone.0144096.ref018]\].

![Schematic representation of the PVL and ALPPS procedures on the rat liver.\
(**a**) For the PVL, selective ligation (dark areas and red lines) of the portal flow was assessed on the right superior (RSL), right inferior (RIL), left (LL), and the right portion of the middle lobes (RML), while the left portion of the middle lobe (LML), superior caudate (SCL), and inferior caudate (ICL) were not ligated. (**b**) Regarding the first stage of the ALPPS procedure, a complete *in situ* transection (black line) of the median lobe was also performed after the PVL. (**c**) After 8 days, the second stage comprised the excision of the ligated/atrophic lobes.](pone.0144096.g001){#pone.0144096.g001}

To put it briefly, after midline laparotomy, all hepatic ligaments were dissected so as to assure the correct management of the hepatic lobes. After microdissection of hepatic artery and portal vein, tributary portal branches, which irrigate the previously named lobes (right superior, right inferior, left and right portion of medium lobes), were ligated by using 4/0 silk. To avoid the possible ligation of hepatic arteries or biliary ducts, all surgeries were performed at 16x magnification by using a Zeiss OPMI 6 surgical microscope (Carl Zeiss, Jenna, Germany). Additionally, the correct assessment of the technique was undertaken by histopathologic examination. For the first stage for the ALPPS procedure, after the PVL of the same lobes, the medium lobe was completely split ([Fig 1b](#pone.0144096.g001){ref-type="fig"}) by using a bipolar coagulator (B. Braun). Finally, the midline laparotomy was closed in two layers by using an absorbable suture (polyglicolic acid) and 3/0 silk. All the animals were under observation on a daily basis, and in order to avoid suffering, dosages of subcutaneous buprenorphine dose were administered after the procedure (0.05mg/kg every12 hours for the first 72 hours, then one dose/24 hours to day 5). All the animals were kept in an SPF and dark environment for recovery and observation.

The second stage of the ALPPS and PVL procedures (hepatectomy of the atrophic lobes) comprised the excision of the ligated (atrophic) lobes at day 8 days of the first stage ([Fig 2c](#pone.0144096.g002){ref-type="fig"}). After the re-opening of the midline laparotomy, all ligated/atrophic lobes were removed, closing the abdominal wall again by layers as described above. Then, the same routine to control animal suffering for the first stage was followed again for the second stage.

![Representative microscopic images of control, PVL, and ALPPS atrophic lobes at 24 HPS.\
In (**a**) control liver, areas of congestion and sinusoid dilation (asterisks) could be observed. (**b**) In PVL atrophic lobes, scattered areas of degenerative hepatocytes (arrow heads) can be evidenced. (**c**) In ALPPS ones pericentrilobular areas of necrosis (n) surrounding the centrolobular vein (c) were present. (a,b,c): hematoxylin and eosin stain. X50.](pone.0144096.g002){#pone.0144096.g002}

Analysis of morbidity/mortality associated with the surgical procedure {#sec005}
----------------------------------------------------------------------

In order to determine the parameter of morbidity/mortality, all the animals were examined twice a day during the first 72 hours after surgery and then on a daily basis during 12 weeks after the procedure. The clinical symptoms were evaluated by specialized staff.

Liver morphometry {#sec006}
-----------------

All the animals were sacrificed by using a mixture of 4% isofluorane and saturated carbon dioxide atmosphere, according to recommendations in the same Directive (Directive 2010/63/EU). Once the liver was explanted, the FLR was carefully dissected and weighed by using a standard laboratory scale (Adam, Milton Keynes, UK). After weighing, the volume was measured by fluid displacement as previously described \[[@pone.0144096.ref019]\]. All morphometric measurements were repeated three times to assure the reproducibility of the results.

Histology and immunohistochemistry {#sec007}
----------------------------------

For histopathologic examination, samples of FLR and atrophic lobes were fixed in 4% buffered formalin (Panreac Quimica, Madrid, Spain) for 24 hours, processed, paraffin-embedded, 3μm-sectioned and stained with a standard hematoxylin and eosin (H&E) stain. The mitotic index (MI) was considered as the average of mitoses counted in 10 random-high-power fields (HPF). Sections were also stained for Ki-67 expression (monoclonal rabbit anti-Ki-67 antibody, Master Diagnostica, Granada, Spain), endothelial cells (monoclonal mouse anti-CD31 (clone TL3A12), Abcam, UK), and Kupffer cells (monoclonal mouse anti-CD68 (clone ED1), Serotec, UK) using a standard ABC commercial kit in an automated immunostaining system (DakoEnVision and DakoAutostainer Plus, Dako, USA) following the manufacturer´s recommendations. The proliferation index (PI) was established as the average percentage of nuclear Ki-67 positive hepatocytes in 10 HPF. The Kupffer cell rate was considered as the average of positive cells counted in 10 HPF. A blinded microscopic analysis was performed by using a modular light microscope with color camera and specialized digital software (Zeiss Axio Scope A1, Carl Zeiss, Jenna, Germany).

Molecular biology analysis {#sec008}
--------------------------

For molecular biology, samples from the FLR were immersed in RNAlater (Sigma, Madrid, Spain) for 24 hours at 6--8°C, and storaged at -80°C until use. RNA was then extracted from liver tissue stored in RNAlater using the RNeasy^®^ mini Kit (Qiagen, Germany), with on-column DNase I (Qiagen) digestion, following the manufacturer\'s instructions. The extracted RNA was quantified by absorbance at 260 nm and its purity was evaluated by the absorbance ratio at 260/280 nm with a NanoDrop -2000 spectrophotometer (Fisher Scientific, Madrid, Spain). cDNA was prepared using iScriptcDNA Synthesis kit (BIO-RAD Laboratories Inc.) according to the manufacturer protocol. mRNA levels were measured in duplicate with reagents from the SYBR Premix Ex Taq (TliRNaseH Plus) kit (Takara Bio, Inc.) and Quantitect primer Assay (Qiagen, Germany) in MyIQ5 system (BioRad Laboratories, Inc.). Negative control reactions without RT reaction and template were also performed. A melting curve analysis was performed in each run to ensure specificity of the primers. The mRNA expression data were normalized with respect to levels of GADPH (Quantitec Primer Assays, Qiagen, Germany). The cycle number at which the real-time PCR reaction reached an arbitrarily determinate threshold (CT) was recorded for both the mRNAs and GAPDH, and the relative amount of mRNA to GAPDH was described as 2^-ΔCT^ where ΔCT = (CT mRNA- CT GAPDH). Primers for HGF, TGF-β, IL6, IL1-β, TNF-α and TGF-α were purchased from Quiagen.

Blood and clotting investigations {#sec009}
---------------------------------

For clinical investigations, blood samples were obtained by cardiac puncture in a dried tube (BD Vacutainer^®^, Madrid, Spain) and centrifuged at 2600 rpm for 5 minutes. An automatic serum analysis for aspartate (AST) and alanine (ALT) aminotransferases and total bilirubin was performed using a serum multiple biochemical analyzer (Roche/Hitachi Modular Pre-Analytic Plus System, Roche Diagnostics, Indianapolis, USA). For blood clotting investigations, tubes with 0.1% citrate buffer (BD) were used for sampling and centrifuged at 3000 rpm for 10 minutes. The serum was then extracted and stored at -20°C until use. The levels of prothrombin (PT), activated partial thromboplastin time (APTT) and fibrinogen were measured using a serum multiple hemostasis testing system (ACLTop-300 CTS, Instrumentation Laboratories, Barcelona, Spain). All the results were expressed in IU/L.

Statistics {#sec010}
----------

Statistical analysis was performed using a software package (GraphPad Prism, Ver. 6, GraphPad Software Inc., California, USA). Statistical differences between groups were assessed by a two-tailed Mann-Whitney non-parametric test. A p-value of \<0.05 was considered as significant. The size of groups (n = 6) was calculated to establish a statistic power of 83.4% (G\*Power, Ver. 3.1.9.2), expecting medium-high differences between medians based on previous studies on FLR hypertrophy by these techniques \[[@pone.0144096.ref012]--[@pone.0144096.ref015]\]. All the numerical data are expressed as the ±standard deviation of the median.

Results {#sec011}
=======

Morbidity/mortality associated with the surgical procedures {#sec012}
-----------------------------------------------------------

As regards the results of the study, all the animals involved showed moderate to severe clinical morbidity immediately after surgery. Clinical symptoms include apathy, anorexia, rough hair, and lethargy. These symptoms were noted within the first 72 hours after surgery. After that moment, the symptoms gradually reduced until the complete recovery of the animals at day 7--8. No other co-morbidities were observed during the 12 weeks of the study. Regarding mortality rates, no deaths were registered during the PVL procedure, a result which contrasts with the ALPPS procedure, in which a 17% of mortality (5/30 animals) was registered within the first 48 hours after the procedure.

Histopathological assessment of PVL and ALLPS {#sec013}
---------------------------------------------

The most common procedure to study liver regeneration is based on a surgical removal of the 2/3 (70%) of the liver \[[@pone.0144096.ref019]\]. In our model, the average weight of the atrophic lobes was 9.4±0.40, which represents the 78.72% of the total liver weight in sham-treated animals (11.94±1.28gr, n = 6). The main microscopic features at 24 HPS on the atrophic lobes were periportal congestion, sinusoid dilation and scattered areas of degenerative hepatocytes ([Fig 2b and 2c](#pone.0144096.g002){ref-type="fig"}) and scattered areas of centrilobular necrosis in the ALPPS group ([Fig 2c](#pone.0144096.g002){ref-type="fig"}).

Morphometric changes on the PVL and ALPPS FLR {#sec014}
---------------------------------------------

Morphometric measurements showed that the hepatic transection brought about a significant increase in both weight ([Fig 3a](#pone.0144096.g003){ref-type="fig"}) and volume ([Fig 3b](#pone.0144096.g003){ref-type="fig"}) of the FLR during the first 48 hours post-surgery and continued during all the experience (p\<0.05) in comparison with the PVL alone.

![Morphometric evolution of weight and displaced volume of the controls, PVL and ALPPS FLR.\
(**a**) There is an increasing of the weight of PVL and ALPPS FLR from 48 hours post-surgery, but significantly higher in this last group. (**b**) Regarding the evaluation of the displacement volume the same results are observed. Mann-Whitney U-test (n = 6 animals per group). The numbers (1, 2) indicate significant differences of the considered group in comparison with control (1) and PVL (2) groups, respectively. A p value of \<0.05 was considered as significant.](pone.0144096.g003){#pone.0144096.g003}

Immunohistopathologic features of the PVL and the ALPPS FLR {#sec015}
-----------------------------------------------------------

The examination of the FLR showed that both techniques provoked a slight congestion and sinusoid dilation during the first 48 hours. Microscopically, there were no alterations at 8 days, but at 12 weeks slight biliary hyperplasia and several connective adherences could be observed in both groups. Mitotic figures were detected at 48 hours and 8 days, with higher MI in the ALPPS FLR than in the PVL (3.0±0.74 and 0.61±0.07 vs. 1.1±0.74 and 0.41±0.10, p\<0.0001). Regarding PI ([Fig 4a--4d](#pone.0144096.g004){ref-type="fig"}), similar results were also obtained, with higher expression of Ki-67 antigen in the ALPPS than in the PVL group at 48 hours (25.65±11.34% vs. 52.42±12.80%, p\<0.001), 8 days (14.46±5.98% vs. 23.73±9.11%, p\<0.01) and 12 weeks (2.96±0.37 vs. 5.77±0.95, p\<0.001). Interestingly, hepatic transection caused an increase in the number of Kupffer cells numbers, larger in ALPPS group, at 24 hours (28.2±3.31 vs. 39.16±8.75, p\<0.01) and 8 days (59.69±8.33 vs. 75.80±8.93, p\<0.0001). There were no differences about expression and distribution of CD31 antigen between groups at any time.

![Representative microscopic images at day 8 post surgery, and temporal evolution of Ki-67 immunohistochemical expression in control, PVL and in ALPPS FLR.\
(**a**) In control liver, there is a little expression of Ki-67. (**b**) In PVL, there is an increase in Ki-67 in comparison with controls. (**c**) In ALPPS groups, there is a significantly increased expression in comparison with PVL at day 8. (**d**) The temporal evolution of Ki-67 expression showed a significant increase in expression of Ki-67 of ALPPS FLR, with a peak of expression at 48 hours. Mann-Whitney U-test (n = 6 animals per group). The numbers (1, 2) indicate significant differences of the considered group in comparison with control (1) and PVL (2) groups, respectively. A p value of \<0.05 was considered as significant.](pone.0144096.g004){#pone.0144096.g004}

Expression of HGF, TGF-β, IL6, IL1-β, TNF-α and TGF-α on the PVL and ALPPS FLR {#sec016}
------------------------------------------------------------------------------

The molecular analysis on the FLR of both techniques revealed that the PVL achieved a larger increase in HGF than ALPPS at 1hour (p\<0.005) and 24 HPS (p\<0.05, [Fig 5](#pone.0144096.g005){ref-type="fig"}), whereas the expression of IL1-β mRNA was higher in ALPPS (p\<0.05). At 48 HPS, ALPPS was associated with a higher expression of HGF and TNF-α (p\<0.05) than PVL. Interestingly, at day 8 the expression of HGF, IL1-β and IL-6 was higher in ALPPS FLR (p\<0.05), with a dramatic increase of TNF-α levels (p\<0.05). Additionally, a high relative expression of TGF-β was observed in both groups. At week 12, levels of HGF and TGF-β were still higher on ALPPS FLR (p\<0.005 and p\<0.05 respectively). Expression of TGF-α was increased at 24 hours post-surgery, but there were no significant differences about its expression in both groups at this point.

![Relative expression of mRNA of (a) HGF, (b) TGF-β, (c) IL-6, (d) IL1- β, (e) TNF-α and (f) TGF-α at 1, 24, 48 hours, 8 days and 12 weeks in controls, PVL and in ALPPS FLR.\
Mann-Whitney U-test (n = 6 animals per group). The numbers (1, 2, 3) indicate significant differences of the considered group in comparison with control (1), PVL (2) and ALPPS (3) groups, respectively. A p value of \<0.05 was considered as significant.](pone.0144096.g005){#pone.0144096.g005}

Blood and clotting investigations {#sec017}
---------------------------------

Clinical investigations showed that the combined hepatic transection and PVL provoked severe hepatic damage, higher than the PVL alone, with a peak of serum AST, ALT and total bilirubin at 24 hours (p\<0.05, [Fig 6a--6c](#pone.0144096.g006){ref-type="fig"}). However, interestingly enough, these levels started to decrease at 48 hours to day 8, where the AST and ALT parameters reached levels similar to those observed in controls, although total bilirubin levels were still high in both groups. Regarding clotting parameters, ALPPS led to an increase in PT at 1 hour (p\<0.05, [Fig 6d](#pone.0144096.g006){ref-type="fig"}), but no significant changes were observed in APTT and fibrinogen levels in both groups ([Fig 6e and 6f](#pone.0144096.g006){ref-type="fig"}).

![Levels of serum ALT, AST, total bilirubin, PT, APTT and fibrinogen from serum samples from control, PVL and ALPPS groups.\
The degree of hepatic damage induced by the first step of the ALPPS procedure was evidenced by serum levels of (**a**) ALT, (**b**) AST and (**c**) total bilirubin was significantly higher in ALPPS group in comparison with PVL. In contrast, there were no differences in (**d**) PT, (**e**) APTT and (**f**) fibrinogen levels. Mann-Whitney U test (n = 6 animals per group). The numbers (1, 2) indicate significant differences of the considered group in comparison with control (1) and PVL (2) groups, respectively. A p value of \<0.05 was considered as significant.](pone.0144096.g006){#pone.0144096.g006}

Discussion {#sec018}
==========

The ALPPS technique has arisen as a potential alternative in those cases in which the FLR volume is insufficient to maintain organic homeostasis after tumoral resection and enables to shorten the second step procedure avoiding the risk of tumor progression, although the exact way in which the hypertrophic stimulus is associated with the FLR is still unclear. Our point was to study establish the morphometric, molecular and clinical changes caused by the hepatic transection combined with a PVL (the first stage of the ALPPS procedure) in a microsurgery model in rats. There are several reasons for choosing the rat to develop our model: the anatomical and functional description of the rat liver is based on Couinaud´s description of the human liver \[[@pone.0144096.ref020]\], results are highly reproducible and the parenchymal mass of each lobe is relatively constant \[[@pone.0144096.ref017]\], and we gained the 2/3 of hepatic atrophic parenchyma required for an optimal regenerative response. Thus, this PVL procedure prior to proceed to the hepatic transection was deemed suitable.

Combining PVL and hepatic transection of the medium lobe led to a higher hypertrophy of the FLR, with higher MI and proliferative rate than the PVL in a similar way to the previously described partial hepatectomy model for rats \[[@pone.0144096.ref010]\] or mice \[[@pone.0144096.ref015]\], and continues in a lower degree up to 12 weeks after surgery, where the weight and volume reached by PVL FLR is similar to those observed in the ALPPS FLR at day 8. Although there are no studies in human pathology which describe the kinetics of proliferative rate on the FLR during the first steps of liver regeneration induced by the ALPPS, Schitzbauer *et al*. reported an increase in Ki-67 index on the FLR during the *in situ* split procedure \[[@pone.0144096.ref013]\], and it has been suggested that the growth rate of the FLR after the ALPPS procedure is similar to that of the liver after resection \[[@pone.0144096.ref014], [@pone.0144096.ref021]\], which is in line with the results from the present study. As in other studies \[[@pone.0144096.ref015]\], we did not found significant differences between CD31 expressions between groups.

The reason for such hypertrophy may be complex. Previous studies have pointed to the ligation/embolization of the portal vein inducing the atrophy-hypertrophy complex (AHC), a liver regenerative response following hepatocyte loss due to liver injury in which a complex, and not well understood, hemodynamics and molecular changes take place \[[@pone.0144096.ref022]\]. Experimental studies in rat models stated that the impairment of portal flow may be the major cause for AHC \[[@pone.0144096.ref023]\]. Thus, the outcome of the hyperplasia of the FLR on the two-stage hepatectomy may be based on the success of an accurate interruption of the portal flow to the atrophic lobes \[[@pone.0144096.ref006], [@pone.0144096.ref024]\], a proliferative response which appears to be independent of the loss of liver mass, as liver regenerative hyperplasia is initiated prior to the atrophy of the occluded liver \[[@pone.0144096.ref025]\]. Ferko *et al*. \[[@pone.0144096.ref024]\] observed that the presence of collateral irrigation might lead to a failure of an accurate liver hypertrophy, and Schnitzbauer *et al*. \[[@pone.0144096.ref013]\] suggested that the stronger proliferative response of the ALPPS technique is based on the complete devascularization of the atrophic lobe caused by the hepatic transection, which prevents the formation of vascular collaterals, and brings about a stronger hypertrophic stimulus on the FLR. Yao *et al*. \[[@pone.0144096.ref026]\], in a rat model of liver PVL and *in situ* splitting, observed a significant decrease in microcirculation blood perfusion and the presence of necrotic areas of the atrophic lobes in comparison with those with PVL alone. Since they did not observed differences in microcirculation blood perfusion on the FLR in both groups, they suggested that *in situ* splitting may cause higher necrotic damage to atrophic lobes that may induce a compensatory hypertrophy of the FLR. Similarly, in our model it has been observed that the hepatic transection produced a higher degree of necrosis than PVL on the atrophic lobe, but the exact complex mechanisms by which hepatic transection could trigger a higher hypertrophic response in the FLR needs to be further investigated.

For the molecular analysis, the present authors decided to analyze the expression pattern of those cytokines that are best known to be involved in hepatocyte proliferation \[[@pone.0144096.ref027]\]. The molecular analysis of the FLR of the ALPPS group showed several differences in the expression pattern of cytokines from the PVL. A similar expression pattern was also observed between both groups at 48 hours and 8 days. IL-6, HGF and TNF-α cytokines are well known to produce hepatocyte mitogenic stimuli during regeneration \[[@pone.0144096.ref027]--[@pone.0144096.ref030]\], while IL1-β has showed anti-proliferative effects on hepatocyte proliferation after hepatectomy \[[@pone.0144096.ref031]--[@pone.0144096.ref032]\]. Previous studies have pointed a role of IL-6 and TNF-α during the regenerative process induced by the hepatic transection \[[@pone.0144096.ref015]\], but no studies for the expression of other cytokines involved in hepatocyte proliferation (like IL1-β, TGF-β, TGF-α) have been yet performed. TGF-β has been properly identified as an inhibitor of mitogenic stimulus of hepatocytes \[[@pone.0144096.ref033]\]. Despite these observations, we observed a peak in TGF-β levels in both groups by day 8, where hepatic proliferation rates are still high. The increase in TGF-β in hepatectomy-induced liver damage had been previously observed \[[@pone.0144096.ref034]\], and proliferating hepatocytes seems to become refractory to the inhibitory action of TGF-β during regenerative process \[[@pone.0144096.ref031], [@pone.0144096.ref035]\]. These apparently contradictory results suggest that this cytokine may play alternative or additional roles during the first stages of liver regeneration. Thus, in the context of liver proliferation, this multifunctional molecule may play a role not only in matrix remodeling by hepatic stellate cells and promotion of angiogenesis \[[@pone.0144096.ref027], [@pone.0144096.ref036]\], but also in the expansion and differentiation of hepatic progenitor cells during liver regeneration \[[@pone.0144096.ref037]\]. Thus, the exact role of this cytokine during the different stages of liver regeneration still needs to be determined. Lastly, there was a similar expression pattern of TGF-α between both surgical procedures.

Overall, the increase in the proliferative stimulus observed during the first 8 days seems to be a result of a complex interaction between pro-mitogenic (IL-6, HGF and especially TNF-α) and antiproliferative (IL1-β, TGF-β) cytokines; although the expression pattern seems to be similar in both groups, the degree of the expression appears to be higher in transected livers. Liver regeneration comprises a multistep process, each of them characterized by the expression and secretion of transcription factors and cytokines \[[@pone.0144096.ref038]--[@pone.0144096.ref039]\] in which the hepatocytes are proliferating for 12--72 hours after the priming phase \[[@pone.0144096.ref027]\]. According to this, the cytokine expression pattern observed in our study is similar to those previously described for hepatectomy models but, in contrast, it seems that the proliferative phase of the cycle induced by PVL/ALPPS is extended to 8 days after surgery. Although the exact source of all these cytokines could not be identified, an increase in Kupffer cell numbers in the ALPPS FLR was observed, which are known to be the main source of IL1-β and TNF-α during the regenerative process \[[@pone.0144096.ref040]\]. Despite the fact that macrophages act as these cytokine promoters in liver regeneration, there is growing evidence that macrophages can also promote the hepatic progenitor cell niche following hepatocellular injury by engulfment hepatocyte debris and liberation of promoters of activation of hepatic progenitor cells \[[@pone.0144096.ref041]--[@pone.0144096.ref042]\].

One of the limitations of this study lies in the impossibility to perform the split technique in all the hepatic lobes, and the hypertrophic and atrophic stimuli in rat liver seem to be more pronounced than in humans \[[@pone.0144096.ref043]\]. Another point is that several groups have pointed that the portal vein ligation does not lead to excessive hepatic necrosis in rats because the liver-specific differentiation and function is still preserved, and might help to maintain homeostasis during the fast regeneration of the FLR minimizing any significant elevation in liver enzymes \[[@pone.0144096.ref005], [@pone.0144096.ref020], [@pone.0144096.ref024]\]. Nevertheless, despite these features, it has been observed that the transection of the medium lobe leads to similar morphometric effects to its human counterpart.

As some authors suggest that the increase in proliferative rate associated with ALPPS is not necessarily reflected in its functional capability \[[@pone.0144096.ref014]\], it was decided to study the effect on the FLR after the second stage of the ALPPS procedure within 12 weeks after surgery. At this time, no significant histopathologic feature of the parenchymal architecture in the FLR of both groups was observed, and the clinical analysis revealed no alterations, although there was still a stronger proliferative stimulus in ALPPS FLR than in PVL. Our data points to maintained proliferation stimuli in which the HGF and TGF-β cytokines seem to play a role, but the exact way in which the transection procedure brings about this higher long-term proliferative stimulus still needs to be determined.

Although apparently there is a substantial benefit on the application of the ALPPS in terms of morphometric and proliferative rate, previous studies in human pathology observed that, in contrast with the PVL or PVE techniques, this procedure brings about high rates of morbidity and mortality, which calls into question the safety and clinical applicability of this technique \[[@pone.0144096.ref008],[@pone.0144096.ref044]--[@pone.0144096.ref047]\]. Our clinical data and mortality rate demonstrates that the split-off of the median lobe causes a severe liver damage, substantially higher than the PVL alone during the first 48 hours. After having reached this peak, clinical parameters gradually came back to normal values until day 8. Thus, it seems that the first 48 hours after surgery are critical for survival in our model, but it is important to consider that all of the experiences have been performed on healthy animals, a fact that should be taken into account on its application in human medicine, in which the liver parenchyma proliferation rate is usually altered by the chemotherapy treatment or by the disease itself.

Conclusions {#sec019}
===========

Overall, the hepatic transection combined with PVL caused a higher hypertrophic response than the PVL alone with a different molecular expression pattern. Further studies are necessary to determine the complex interactions which lead to such proliferation, but the use of this experimental model in rats may not only help understand these features, but also be a valuable tool for oncologic research. In this sense, there are very recent reports that mention that ALPPS might be associated with a high rate of hepatic and extra hepatic recurrence at long-term examination \[[@pone.0144096.ref042]\]. The way in which the extreme hypertrophy caused by the ALPPS procedure promotes tumor recurrence remains uncertain and needs to be determined. The model here presented will certainly help solve this and many other issues in order to optimize the ALPPS technique by means of effectiveness and waiting time until satisfactory hypertrophy of the FLR takes place.
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